The effect of prior heat shock on the thermal resistance of Listeria monocytogenes in meat was investigated. A sausage mix inoculated with approximately 107 L. monocytogenes per g was initially subjected to a heat shock temperature of 48°C before being heated at a final test temperature of 62 or 64°C. Although cells heat shocked at 48°C for 30 or 60 min did not show a significant increase in thermotolerance as compared with control cells (non-heat shocked), bacteria heat shocked for 120 min did, showing an average 2.4-fold increase in the D64OC value. Heat-shocked cells shifted to 4°C appeared to maintain their thermotolerance for at least 24 h after heat shock.
Microorganisms exposed to sublethal temperatures respond by synthesizing a set of proteins, the so-called heat shock proteins (1, 8) . This heat shock response by the organism confers upon it, among other things, an increased resistance to a subsequent lethal heat treatment. This heat shock response appears to be universal and has been observed in bacteria such as Escherichia coli (13) , Bacillus spp. (2, 17) , Legionella pneumophila (6) , and Salmonella spp. (9) (10) (11) , as well as in eucaryotic cells such as yeasts (12) , Drosophila (1), and mammalian tissue culture cells (1, 4, 8) . Although heat shock proteins appear to be involved in protecting organisms from the toxic effects of heat and other stresses, their exact function is not fully understood (14, 18) , and whether there is a direct cause-effect relationship between the synthesis of heat shock proteins and the induction of thermotolerance is not known (8, 14, 18, 19) .
Regarding the applicability of the heat shock response in food microbiology, Mackey and Derrick (11) recently observed that mild heating (48°C, 30 min) of broth, liquid whole egg, or reconstituted dried milk contaminated with Salmonella thompson resulted in an induction of thermotolerance in these cells. In most instances, heat-shocked cells had to be heated about twice as long as control cells (non-heat shocked) to achieve the same degree of inactivation. These authors thought that the heat shock phenomenon could be important for survival of microorganisms in those foods which received only a minimal heat treatment or for bulk foods which were heated up slowly to a final internal temperature. There have been only two previous reports on the heat shock response of Listeria monocytogenes and its effect on the heat resistance of the organism, and these were done with a broth culture and not a food menstruum (5; R. G. Crawford, J. T. Tierney, J. T. Peeler, and V. K. Bunning, Abstr. Annu left for 24 h at 4°C before being tested at a final temperature of 64°C. Holding the meat at 4°C for this additional 24 h decreased the heat resistance of both the control (nonheat-shocked) and heat-shocked cells slightly (Table 2) . However, the ratios of non-heat-shocked to heat-shocked cells recovered at each time point at 64°C remained approximately the same for both stored (24 h, 4°C) and unstored meat (Table 2) . Thus, heat-shocked cells appeared to maintain their increased thermotolerance for at least 24 h (Table  2 ; Fig. 1 ).
DISCUSSION
Although the response of procaryotic and eucaryotic cells to heat shock has been studied extensively (1, 7, 8), there has been little work done on the impact or importance of the heat shock phenomenon in the area of food microbiology.
Mackey and Derrick (9) (10) (11) were among the first to investigate the survival of a potential foodborne pathogen (S. typhimurium) after a sublethal heat shock. They worked first with a model broth system (9) and later with food products such as liquid whole egg, reconstituted dried milk, and minced beef. In many instances, heat-shocked salmonellae had to be heated twice as long as non-heat-shocked cells to reach the same degree of inactivation (11 heated in minced beef at either 54 or 60°C as compared with non-heat-shocked cells.
The optimum temperature for induction of thermotolerance in this study was between 44 and 48°C. Similarly, previous studies with mesophilic bacteria have demonstrated that a temperature range of 45 to 500C was needed to give a maximum response (8) . It is generally believed that organisms which can grow over a wide temperature range, such as Listeria spp., show a maximum response about 10 to 15°C above their optimum growth temperature (8) . This also appears to be the case with Listeria spp. with a temperature optimum of 30 to 37°C (15) .
The length of time that the elevated heat resistance in heat-shocked cells persists appears to be a function of many factors (8) . Some of the variables known to influence the duratiorn of the thermotolerance period include the temperature at which heat shocking is done, previous incubation temperature of the cell, and the metabolic state of the cell (8) . Mackey and Derrick (9) , working with S. typhimurium in tryptone soy broth, found that the augmented heat resistance of the heat-shocked cells (42, 45, or 48°C) remained at high levels for 10 h when the temperature was maintained and declined thereafter.
In our study, cells which had been heat shocked and then held at 4°C for 24 h appeared to lose some of their thermotolerance. For example, following a 24-h holding period, survival after exposure to 64°C for 0, 2, 4, and 8 min was 4.0, 2.2, 0.5, and 0.04%, respectively (Table 2 ). In comparison, survival of cells which were heat challenged immediately after heat shocking was 7.5, 3.1, 1.9, and 2.8%, respectively.
Significantly, control (non-heat-shocked) cells also became more heat sensitive (P < 0.05) following a holding period at 4°C for 24 h (cf. (5) .
It has been shown previously that a good correlation exists between the kinetics of heat shock protein synthesis and the development of thermotolerance in both eucaryotic and procaryotic cells (7, 8) . Circumstantial evidence suggests that heat shock proteins are involved in the acquisition, maintenance, and decay of thermotolerance, but one cannot say with certainty that a direct causal relationship exists (7, 8, 13, 18) . In addition to the increase in thermotolerance with increasing length of heat shock, it appeared that there developed a larger difference in recovery between heatshocked and non-heat-shocked cells as the length of heating time at the standard challenge temperature (64°C) increased (Table 2 ). The reasons for this are unclear.
The significance of these results as far as the meat industry is concerned could be twofold. First, meats that are heated up slowly to a final internal temperature may contain microbial cells with an augmented heat resistance due to the heat shock response. It appears that the slower the temperature increase in the meat, the larger the increase in heat resistance (10) . A recent example of a situation in which meats would be heated up slowly is in Sous-Vide-type products. Second, meats left on warming trays before being given a final reheating could possibly acquire an enhanced thermotolerant microbial population. Additional work is needed to assess the full impact of the heat shock response on the survival of various microorganisms in different foods. Further testing of the heat shock phenomenon and its relevance to dairy products is under way.
